Abstract--Clays may catalyze chemical reactions by acting as Br6nsted acids, Lewis acids, and/or Lewis bases. The changes occurring when limonene (p-menthadiene) is heated in the presence of montmoriUonite illustrate how Brrnsted and Lewis acidity may operate competitively, the nature of the interlayer cations determining which reaction dominates. The rate at which the starting material disappears increases with the acidity of the clay, which depends upon the interlayer cations (Na < Mg < A1 < H). The concentration of disproportionation and isomerization products reaches a maximum after reaction times which decrease with increasing surface acidity of the clay. p-cymene is produced by oxidation in concentrations inversely related to the surface acidity of the clay. The course of the chemical reaction can thus be steered in the preferred direction by an appropriate choice of interlayer cations.
INTRODUCTION
In theory clays can catalyze chemical reactions by acting as proton donors and acceptors as well as electron donors and acceptors (Solomon, 1968; Frenkel, 1974) . Several reactions may therefore occur simultaneously and competitively in the presence of clay catalysts. The acidity of montmorillonite changes with the interlayer cation, and acid-catalyzed reactions will therefore be strongly dependent on the cations present. Because the nature of the interlayer cations is also expected to affect other reactions on clay surfaces, systems may be envisaged in which the nature of the interlayer cations may be decisive in channeling clay-catalyzed reactions in one or another of several possible directions.
The reactions of limonene (p-menthadiene) in the presence of montmorillonite were chosen to investigate this possibility. Limonene is the main constituent of essential oil (a waste product of the citrus industry). When limonene is heated in the presence of silica gel, isomerization occurs together with disproportionation which gives hydrogenated and dehydrogenated products in equal amounts, as follows:
Limonene p-menthene p-cymene (p-menthadiene) C10H18
C10H14

C10H16
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For simplicity only one isomer each of p-menthadiene (limonene) and p-menthene are shown. Hunter and Brodgen (1963) explained these reactions by a carbonium ion mechanism, the catalyst supplying the protons. The formation of p-cymene from limonene was used as a model reaction for the possible conversion of terpenes and similar natural compounds into some of the aromatics formed in petroleum (Frenkel and HeUerKallai, 1977) .
EXPERIMENTAL
Pure d-limonene (Fluka) was reacted with homoionic samples (Na, Mg, AI, and H) of montmorillonite from Makhtesh Ramon, Israel (sample MF 14), prepared as previously described (Frenkel, 1974) . For comparison, reactions were also carried out with homoionic samples of A.P.I. 25 montmorillonite from Upton, Wyoming (Wards Natural Science Establishment, Rochester, New York). The chemical analysis of sample MF 14 is given in Table 1 . The total cation-exchange capacity (CEC) determined with I N LiCI is 69 meq/100 g clay. The reaction was carried out by stirring 20 mg of montmorillonite with 2 ml of d-limonene under reflux conditions (175~ at atmospheric pressure (unless otherwise stated). Aliquots of 20/zi were withdrawn at various times throughout the reaction. The products were injected into a gas chromatograph (Varian, model 90-P) using a column coated with 20% carbowax 20M on chromosorb W, at 130~
The quantity of each volatile component was given by the ratio of the corresponding chromatographic peak area to the total area of all the volatile components. Although the concentration of the different menthadienes was determined, only the total concentration is relevant to the following discussion. The results reported in this paper are therefore confined to the total concentration of p-menthadienes and p-menthenes. The nonvolatile fraction, which generally did not exceed 10%, is represented by the difference between the sum of the peak areas of the volatile components and the area due to the initial d-limonene. The amount of p-cymene derived from disproportionation is equal to the amount of p-menthenes. The amount of p-cymene obtained by oxidation only is thus given by the difference between that of p-cymene and of p-menthenes.
RESULTS AND DISCUSSION
On heating in the presence of montmorillonite, limonene isomerized to various p-menthadienes and disproportionated into p-menthenes and p-cymene. The various p-menthenes were the only hydrogenation products (no p-menthanes were detected), and the dehydrogenation product was p-cymene. On disproportionation the p-cymene and p-menthenes were formed in equal amounts. If oxidation occurred, the amount of p-cymene exceeded that of p-menthenes.
Limonene disappeared much more rapidly on heating with H § than with Na+-montmorillonite. The concentration of the isomerization products reached a maximum and decreased with time. The maximum was attained more rapidly with the more acidic clay ( Figure  1 ). The data presented were obtained with montmorillonite MF 14. The other samples gave very similar results. Curve R shows the change in concentration of the reduced products, the p-menthenes, and curve O that of the oxidized product, p-cymene. If only disproportionation and no oxidation occurred, the two graphs (R and O) would coincide. This is approximately so with H+-montmorillonite. With Na+-montmorillonite the curves are similar in the early stages of the reaction, but here only little disproportionation occurred. In time, oxidation took place, the concentration ofp-cymene increased, and p-menthene disappeared entirely. Figures 2 and 3 are histograms which relate some of the features of the reactions to the number of acid sites of montmoril- lonite with pKa <3.2. The acid sites (strength and number) were determined in a previous study using Hammett indicators (Frenkel, 1974) . In fact, the values are merely approximations, because the number of acid sites determined by a Hammett indicator is strictly correct only for the specific experimental conditions of the measurement. The experimental conditions used for evaluating the number of acid sites, replacement with n-butylamine in iso-octane at room temperature, differed from those in the present experiments, but the trends are probably similar. The concentration of limonene after 60 min reaction and the time in which the concentration of the isomerization products reached a maximum are shown in Figure 2 . These values decreased with increasing acidity: the greater the acidity, the more rapidly isomerization occurred. Isomerization was accompanied by disproportionation. Figure 3 shows the correlation between the number of acid sites and the concentrations of disproportionation and oxidation products (after 24-hr reaction). It is evident that the concentration of the oxidation products was lower, the higher the acidity. In contrast, the concentration of the disproportionation products increased with increasing acidity.
The correlation between the concentration of the reaction products and the number of acid sites is presented in a different form in Figure 4 . The concentrations of the isomerization and disproportionation products are plotted together, because both are prod- Frenkel and Heller-Kallai ucts of reactions governed by a carbonium ion mechanism (Hunter and Brodgen, 1963) . The curve rises steeply with increasing acidity. In contrast, the concentration of the oxidation products, i.e., the amount by which the concentration of p-cymene exceeds that of p-menthenes decreases with increasing acidity. It appears, therefore, that the acidity of the clay catalyst affects its ability to catalyze oxidation as well as isomerization and disproportionation reactions. In the absence of a catalyst no detectable reaction occurred. With silica gel only isomerization and disproportionation products were observed in the volatile fraction (Hunter and Brodgen, 1963) . The presence of a limited amount of oxygen was essential for the oxidation reaction in the presence of clay. When the reactions were carried out under a stream of argon, no appreciable oxidation occurred. In an oxygen atmosphere non-volatile polymers were the main products. The mechanism of the oxidation reaction is difficult to establish. By analogy with reactions described in the literature for catalytic oxidation of unsaturated hydrocarbons, it seems probable that oxygen anions as well as free radicals are involved, but lacking experimental evidence any mechanism that could be proposed would be merely speculative. Whatever the mechanism, the activity of the catalyst depends upon its ability to donate electrons or to accept protons, which is determined by its structure and to some extent by the adsorbed cations. The less electronegative the adsorbed cations, the more efficiently the catalyst may be expected to oxidize the organic molecules. In addition, protons and .carbonium ions will tend to react with the negatively charged oxygen species, or with electrons, thereby reducing their availability for the oxidation reactions.
Clays and Clay Minerals
A correlation between oxidation reactions on clays and the acidity of the interlayers was observed previously (Rozenson and Heller-Kallai, 1978) : structural iron oxidized more rapidly, the greater the surface acidity. This relationship was attributed to the more efficient removal of the anionic oxygen species, formed by oxidation of iron, by reaction with interlayer protons. N. Lahav and S. Yariv (The Hebrew University, Jerusalem, Israel, personal communication, 1982) found that oxidation of benzidine was appreciable on Csmontmorillonite but decreased as the acidity of the clay increased. Thompson and Moll (1973, of hydroquinone to p-benzoquinone on montmorillonites in the presence of 02. They concluded that exchangeable cations "... have little if any effect on the oxidizing power of a clay other than by controlling the surface area," but this statement is not borne out by their data. Liquori and Pispisa (1964) found that the yield of p-cymene in the reaction oflimonene over various nickel-molybdenium oxide catalysts increased with decreasing surface acidity, but offered no explanation for this observation. A reaction which may be governed in part by the interlayer cations of clays is the decarboxylation and cracking of fatty acids. Eisma and Jurg (1969) and Johns (1979) showed that these reactions are catalyzed by clays, cracking being promoted by a carbonium ion and decarboxylation by a free radical mechanism. The overall reaction may therefore be regarded as the outcome of two competing processes. Indeed, preliminary experiments in this laboratory (Aizenshtat and Heller-Kallai, unpublished) indicated that the distribution of light-weight hydrocarbons produced on heating stearic and palmitic acids in the presence of montmorillonite depends on the interlayer cations. In particular, the ratio of ethane to ethylene increased with increasing acidity, in agreement with the theory that the formation of unsaturated compounds is promoted by free radicals.
It is significant that the isomerization and disproportionation reactions of fimonene occurred much more rapidly in a stream of argon than in air. This may be due to the fact that positively charged ions were not removed by reaction with oxygen but were all available for acid catalysis. It is, however, possible that poisoning of some catalyst sites by polymeric species formed when the reactions were carried out in air may have contributed to the decrease in the reaction rate.
Another competitive reaction which may be expected to occur in the clay-limonene system is the adsorption of water and organic molecules by the clay. The greater the polarizing ability of the interlayer cations, the more firmly hydration water is retained, rendering the clay more hydrophilic and organophobic. In the competition between water and limonene for the clay surfaces, lower surface acidity is therefore expected to favor the sorption of limonene. This adds a kinetic effect to the effects already discussed. Lower surface acidity may lead to increased adsorption and is associated with reduced formation of carbonium ions, with a concomitant decrease in the rates of the isomerization and disproportionation reactions. The absolute amount of p-cymene formed may therefore be increased.
CONCLUSIONS
The reaction of limonene on montmorillonites may be regarded as a prototype for other reactions occurring on clay minerals, which can be directed into a desired pathway by judicious choice of the interlayer cations. Surface acidity was found to catalyze reactions which proceed through a carbonium ion mechanism, but to inhibit oxidation reactions which involve oxygen. For limonene, a molecule which can undergo both kinds of reactions, it is the interlayer cation which will direct the reaction to either isomerization-disproportionation or oxidation.
It appears that the possibility of using different interlayer cations for directing clay catalyzed reactions has not been sufficiently exploited, nor does the possibility seem to have been considered that a change in composition of organic materials occurring in nature may, occasionally, signify no more than an exchange of interlayer cations of the associated clay.
